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Voltage-gated sodium channels (Na v ) initiate and convey the action potential on muscle fiber membrane (44, 45) . The electrophysiological properties of Na v determine the excitability and contractile feature of muscle (15, 40, 46, 51) . In cardiac cells, it has been shown that lactate increases the maximal inward sodium current and shifts the voltage dependence of Na v conductance toward the hyperpolarized potentials (24, 54) . These studies underlined the role of lactate in pathophysiological conditions such as myocardial ischemia, leading to increased cardiac cell excitability. However, less is known about the effects of lactate ion on skeletal muscle Na v . Additionally, it should be noted that lactate is produced by fast and slow fibers according to exercise intensity and exported through the membrane by the monocarboxylate transporter (MCT) (4, 29, 30) . Lactate is also taken up by oxidative fibers, serving as an energy source (8) . Such sarcolemmal translocation and collaboration between fiber types gave rise to the "lactate-shuttle" hypothesis (7, 9, 21) . Accordingly, the intra-and extracellular compartments of each muscle type are exposed to lactate anion. Na v could therefore be modulated in an intra-or extracellular manner regarding its transmembrane location. In the macropatch-clamp configuration, dissociated fibers from rat peroneus longus (PL) were exposed to lactate (10 mM). The PL was chosen because it contains the same proportion of the three fiber types in ATPase staining (20) and displays intermediate contractile properties between the typical "slow" and "fast" muscles, namely, soleus and extensor digitorum longus (39) . This study points to a direct effect of lactate ion on muscle Na v and hence on muscle excitability. Lactate increases the maximal sodium current, while the activation and fast inactivation curves are shifted toward the hyperpolarized potentials. The slow inactivation process is decreased by lactate, corresponding to an enhancement in the number of excitable Na v .
MATERIALS AND METHODS

Muscle Isolation and Enzymatic Dissociation of Muscle Fibers
All procedures were performed according to our ethical regional committee recommendations. The experiments were authorized by departmental agreement No. A29-019-03 and performed in compliance with the recommendations of European Community Directive No. 86/609. Adult female Wistar rats (n ϭ 14, body wt 250 -300 g; Centre d'élevage Dépré, Saint-Doulchard, France) were anesthetized with pentobarbital (40 mg/kg ip) and then killed by cervical dislocation and exsanguinated. PL muscles were rapidly excised from the hindlimb and placed in a dissociation medium [N-2-hydroxyethylpiperazine-N=-2-ethanesulfonic acid (HEPES)-buffered saline] supplemented with 3.0 mg/ml collagenase (type II; GIBCO-BRL, Gaithersburg, MD) for 2 h at 37°C. After this incubation period, muscles were dissociated with gentle agitation, and isolated fibers were sampled in a 35-mm petri dish containing standard saline solution for patch-clamp recordings. Only fibers showing good appearance on visual inspection (no breaks, no blebs, no granular aspect, good contrast, visible radial striation) were used for patch clamp (Fig. 1A) .
In the rat, isolated fibers are less sensitive to O2 supply than isolated whole muscle, especially at room temperature (3, 59) . Previous experiments have shown that reliable sodium currents could be measured under these conditions for 2 h.
Electrophysiological Studies
Fast sodium currents were recorded in the cell-attached configuration with the macropatch-clamp technique (22, 23, 36) at room temperature (22 Ϯ 2°C). A GeneClamp 500B amplifier equipped with a CV-5-1GU headstage, allowing the clamping of currents up to 100 nA (Axon Instruments, Foster City, CA), was used. Micropipettes were pulled and polished from GC150TF-10 borosilicate glass (Harvard Apparatus, Natick, MA) with a horizontal pipette puller (Zeitz Instruments). Pipettes had resistances averaging 2 M⍀ when filled with control and lactate solutions. The tip diameter of each pipette was determined by resistance measurement, as previously described (50) . The correspondence between the resistance and the diameter of the pipette has been measured previously by electron microscopy. Currents were converted to current density by assuming that the membrane patch area was equal to the area of the pipette tip (33) . Voltage-clamp protocols and data acquisition were performed with WinWCP v4.0.5 (Whole Cell Programme, University of Strathclyde, Glasgow, UK) through a 16-bit analog-to-digital/digital-to-analog interface (6024E, National Instruments). Currents were low-pass filtered at 5 kHz and digitized at 48 kHz.
Sodium currents were recorded Ͼ200 m from the end plate in order to obtain a homogeneous density of Na ϩ channels (11, 46) . This could be visualized with phase contrast under an inverted microscope (Olympus IX 70) and with a progressive-scan digital camera (XC8500CE, DONPISHA; Sony, Japan). An amplifier compensation circuit canceled capacitance currents. To eliminate transient residual capacitance and leak currents, we used the P/4 subtraction procedure (36, 40) . The holding potential was set to Ϫ100 mV, a value close to physiological values in intact skeletal muscle fibers and one at which most of the channels are in a closed activatable state.
Sodium Current Measurement and Activation Determination
A cycle of 20-ms test pulses from the holding potential of Ϫ100 mV to increasing potentials (from Ϫ60 to ϩ100 mV in 10-mV increments) was applied to the patch membrane in order to measure maximal inward sodium current (I Na max). This protocol was repeated three times for each patch to ensure sodium current stability. Patches with no reliable peak current amplitude were discarded. The activation curve was obtained by plotting normalized conductance g Na/gNa max as a function of each imposed potential from Ϫ60 to ϩ30 mV. Calculated values of gNa/gNa max were fitted to the following Boltzmann equation:
g Na g Na max ϭ 1
where V is imposed membrane potential, Va½ is potential at which half of the channels are activated, and Ka is activation slope factor. Fig. 1 . Effects of lactate in the external medium on muscle sodium currents. A: peroneus longus fiber in patch-clamp configuration for control recordings. B: after a first series of measurements, the "control" pipette is removed. C: a pipette filled with the lactate solution (10 mM) is sealed at the same site of the muscle fiber membrane (18, 36, 40) . Lactate is also added to the bath, to a final concentration of 10 mM. A new series of recordings is performed in the "Lactate condition" (bath ϩ pipette). D: currents were elicited by a series of voltage steps from a holding potential of Ϫ100 mV to voltages between Ϫ60 and ϩ100 mV. E: representative sodium currents recorded during "Control" and "Lactate" conditions.
Time Constant Determination
The activation and inactivation time constants of the sodium current (m and h, respectively) were calculated by fitting the current (I) to the Hodgkin-Huxley relation:
where A is the voltage-dependent part of the current, p is the exponent of m (ϳ3), h inf is the equilibrium value reached by h according to the potential, and t is time in milliseconds.
Fast Inactivation Determination
Steady-state fast inactivation was measured by applying 50-ms conditioning prepulses to various holding potentials from Ϫ120 to ϩ10 mV, followed by a 20-ms test pulse up to Ϫ20 mV to activate Na ϩ current. To calculate the fast inactivation slope factor Kh and half-inactivation voltage Vh½, the steady-state fast inactivation relationships were fitted to the following Boltzmann equation:
where INa is sodium current and INa max is maximal sodium current.
Slow Inactivation Determination
Slow inactivation was studied by applying a double-pulse protocol separated by 50 ms at Ϫ100 mV (15, 41) . The first pulse duration was 2,000 ms with potentials from Ϫ140 mV to 0 mV. The second pulse duration was 20 ms with a potential at Ϫ10 mV to activate sodium current. The steady-state slow inactivation relationships were fitted to the following Boltzmann equation:
I Na ϭ I Na min ϩ I Na max Ϫ I Na min
where INa min is residual current, Vs½ is half-inactivation voltage, and Ks is slow inactivation slope factor.
Control and Lactate Solutions
All chemical products were purchased from Sigma-Aldrich. Muscle fibers were placed in a bath recording solution containing Cs ϩ as the main cation [in mM: 145 CsCl, 5 ethylene glycol-bis(␤-aminoethyl ether)-N,N,N=,N=-tetraacetic acid (EGTA), 1 MgCl 2, 10 HEPES, pH 7.4] to inhibit potassium currents and to depolarize the membrane. For control recordings, pipettes were filled with a standard saline solution (in mM: 140 NaCl, 5 KCl, 2 CaCl 2, 1 MgCl2, 30 HEPES). For lactate solution, sodium chloride was partially substituted by lactate sodium [in mM: 130 NaCl, 10 sodium L-(ϩ)-lactate, 5 KCl, 2 CaCl 2, 1 MgCl2, 30 HEPES] (24). The same amount of NaOH was added to the control and the lactate solutions, leading to an identical pH (7.4 at 22°C) and the same final concentration for Na ϩ (150 mM). In the first part of the experiments, lactate was added to the external medium, i.e., in the petri dish and the pipette. After a first series of recordings in the Control condition (Fig. 1A) , the pipette was removed (Fig. 1B) and lactate was introduced in the external medium. For lactate recordings (Fig. 1C) , a new pipette filled with the lactate solution (10 mM) was sealed at the same single fiber site (18, 36, 41) . Lactate was also added to the medium from a 50 mM stock solution, to ensure lactate concentration stability in the external bath (10 mM).
In some of the experiments, lactate was only added to the petri dish ("Lactate bath" condition), from the stock solution, to a final concentration of 10 mM. Thus the same pipette, containing the control solution, was used in Control and Lactate bath conditions. Two minutes after the application of control solution or lactate in either or both pipettes and the bath, pulse tests were applied to the patch membrane area. Collected data were stable from the second current recording when test protocols were repeated throughout the patch lifetime (up to 30 min), regardless of condition (Control or Lactate).
Measurement of Resting Potential
A GeneClamp 500B amplifier equipped with a HS-2A headstage was used (Axon Instruments). Electrophysiological recordings were performed with intracellular glass microelectrodes (22, 53) . Pipettes were formed from GC150F-10 borosilicate glass (Harvard Apparatus) with a horizontal pipette puller (Zeitz Instruments). They had resistance averaging 30 M⍀ when filled with KCl (2.7 M). Visualization of the impalement was possible with Hoffman contrast under an inverted microscope (Olympus IX 70) and with a progressive-scan digital camera (XC8500CE; Sony). The effect of cesium on the resting potential was tested by the addition of chloride cesium to the petri dish (in mM: 145 CsCl, 5 EGTA, 1 MgCl 2, 10 HEPES, pH 7.4). Lactate was added to the petri dish to a final concentration of 10 mM. Recordings of resting potential were collected twice: 5 min after impalement, followed by the addition of CsCl or lactate, and then again 5 min later.
Data Analysis and Statistics
All values are given as means Ϯ SE. Student's paired t-test was used to determine statistical difference. Unpaired test was used to evaluate the effects of lactate on the kinetic parameters, given that not all the values were available for each imposed potential in control and lactate conditions (half-paired data). Differences were considered significant for P Ͻ 0.05.
RESULTS
In the first part of the experiments, lactate was added to both petri dish and pipette. In the second part of the experiments, lactate was only added to the petri dish.
Effects of Lactate in External Medium (Petri Dish ϩ Pipette)
After recordings in the Control condition, single muscle fibers from PL were exposed to lactate (10 mM), as described in Fig. 1 , A-C. Records of sodium currents before and during exposure to a 10 mM lactate solution in the external medium are shown in Fig. 1E .
Lactate and kinetic parameters of muscle Na v . To test whether lactate modulates the time-gating of muscle Na v , we used the mathematical model proposed by Hodgkin and Huxley (28) (Fig. 2A) . The plots of the time constants of activation and inactivation ( m and h , respectively) against the membrane potential show that 10 mM lactate modulates the time-gating properties of muscle Na v (n ϭ 18 fibers, Fig. 2B ). Lactate induces a leftward shift in the relationship between m and the imposed potentials. As a result, lactate significantly decreases m at voltages more negative than Ϫ10 mV. The increase of h at voltages more negative than Ϫ40 mV corresponds to a decrease in Na v closing speed, leading to an increase in the inward Na ϩ flux.
Lactate and voltage dependence of muscle Na v activation.
To test the effects of lactate on Na v activation voltage dependence, the peak sodium current was plotted against each imposed potential (Fig. 3) . In the presence of 10 mM lactate, the peak sodium current was increased compared with the control solution (14.5 Ϯ 1.2 vs. 10.1 Ϯ 1.4 A/mm 2 ; P ϭ 0.022, Student's paired t-test) in the negative slope region of the current-voltage (I-V) relationship (Fig. 3A) . The reversal potential, given by the intersection of the linear part of the I-V relationship with the x-axis, was unaffected by lactate (Fig.  3A) . The voltage dependence of the normalized conductance was shifted at its midpoint (V a½ ) by 12.4 mV in a hyperpolarizing direction by lactate ( Fig. 3B ; P ϭ 0.0029, Student's paired t-test). No measurable change was observed in the slope of the activation curve, K a (P ϭ 0.27, Student's paired t-test).
Lactate and Muscle Na v Fast Inactivation. As described in Fig. 4A , a two-pulse voltage-clamp protocol was used to study the voltage dependence of the steady-state fast inactivation (15, 23, 36, 41) . Figure 4B illustrates the development of Na v fast inactivation before and during exposure to 10 mM lactate in the external medium (petri dish ϩ pipette). The voltage dependence of Na v fast inactivation was shifted by lactate toward the hyperpolarized potentials compared with the Control condition (Ϫ63.1 Ϯ 3.7 vs. Ϫ52.1 Ϯ 2.4 mV for V h½ , respectively, P ϭ 0.015, Student's paired t-test; Fig. 4C ). The slope factor, K h , was unchanged in the presence of lactate (P ϭ 0.76, Student's paired t-test).
Lactate and muscle Na v slow inactivation. Prolonged depolarizations (2 s) were applied to the patch area to elicit Na v slow inactivation (Fig. 5A) in the absence and presence of 10 mM lactate in the external medium (n ϭ 15 fibers). Figure 5B displays representative currents recorded during the second pulse and plotted against the prepulse voltages. As shown in Fig. 5C , the slow inactivation slope factor, K s , was significantly reduced by lactate (P ϭ 0.008, Student's paired t-test), Fig. 3 . Effects of lactate in the external medium on activation voltage dependence. A: current-voltage relationships were obtained by plotting the peak sodium current for each imposed potential (Fig. 1D) . INa, peak sodium current; gNa, sodium conductance; Vm, test pulse voltage; ENa, equilibrium potential for sodium. The slope of the quasi-linear part of the current-voltage relationship gives the maximal sodium conductance, gNa max. B: activation curves corresponding to the normalized conductance gNa/gNa max were calculated for each tested potential from Ϫ60 to ϩ30 mV and fitted to a Boltzmann distribution. Va½ and Ka are the half-maximal activation potential and the slope factor for activation, respectively. Values are means Ϯ SE. *Significantly different from control (P ϭ 0.0029, Student's paired t-test). whereas the half-inactivation voltage, V s½ , was not statistically affected (P ϭ 0.08, Student's paired t-test). As a result, the development of slow inactivation was reduced by 10 mM lactate, as shown by the greater residual current, I Na min /I Na max (0.67 Ϯ 0.06 vs. 0.48 Ϯ 0.05 for Lactate and Control conditions, respectively; P ϭ 0.0099, Student's paired t-test). This corresponds to an enhancement in the amount of available Na v in the presence of lactate in the external medium (petri dish ϩ pipette). However, it is not known whether lactate increases the time for the onset of slow inactivation or induces a shift in the steady-state slow inactivation. These two possibilities were addressed by examination of currents with different two-pulse protocols (Fig. 6, A and B) . In two separate series of experiments, we measured currents following different prepulse (2,000 and 3,000 ms, n ϭ 6 fibers) and interpulse (50 and 30 ms, n ϭ 5 fibers) durations. The different protocols were applied in random order and separated by 5 min in the presence of control or 10 mM lactate solutions in the pipette. In an attempt to characterize the effects of lactate according to prepulse and interpulse durations, we calculated a slow inactivation index as described in the following relation: slow inactivation index ͑%͒ ϭ ͫ ͑ I Na min ⁄ I Na max Lactate ͒ Ϫ ͑ I Na min ⁄ I Na max Control ͒ I Na min ⁄ I Na max Control ͬ ϫ 100
As illustrated in Fig. 6A , increasing the prepulse duration from 2,000 to 3,000 ms reduces residual current in the Control condition (P ϭ 0.013, Student's paired t-test). After a 3,000-ms prepulse, the development of slow inactivation was lessened by the presence of 10 mM lactate in the pipette compared with the Control condition, as shown by the greater residual current (P ϭ 0.024, Student's paired t-test). The slow inactivation index was similar after 2,000-or 3,000-ms prepulse duration (44.8 Ϯ 5.1% and 48.5 Ϯ 7.5%, respectively; P ϭ 0.39, Student's paired t-test). The effect of varying the duration of the interpulse was also examined (Fig. 6B) . In the Control condition, a slight leftward shift in the voltage dependence of slow inactivation was observed by decreasing the prepulse duration from 50 to 30 ms. The effect of lactate is of great amplitude after an interpulse duration of 50 ms compared with 30 ms, as shown by the slow inactivation index. The value of this latter parameter was 46.9 Ϯ 4.2% and 35.5 Ϯ 4.1% in the 50-ms and 30-ms interpulse duration conditions, respectively (P ϭ 0.029, Student's paired t-test).
Effects of Pipette Repositioning
In the experiments reported above, the second pipette containing lactate was sealed on the same area as the initial "control" pipette. Two possibilities concerning the effects of the "lactate" pipette are that this effect was the consequence of either the pipette repositioning or the order in which the data were recorded (control, then lactate). To test the first hypoth- esis, two different pipettes, each containing the control solution, were sealed on the same area of PL fibers (n ϭ 7). As shown in Fig. 7A , activation voltage dependence was similar in the first and second pipette conditions (Ϫ13.2 Ϯ 5.5 mV and Ϫ15.0 Ϯ 4.5 mV for V a½ , respectively; P ϭ 0.78, Student's paired t-test). The voltage dependence of the fast inactivation was unaffected by the second pipette seal as illustrated in Fig.  7B . V h½ was Ϫ51.9 Ϯ 4.7 mV and Ϫ49.3 Ϯ 7.8 mV in the first and second pipette conditions, respectively (P ϭ 0.89, Student's paired t-test). From these results, it should be concluded that the second pipette attachment does not explain the modulation of the electrophysiological properties observed in the presence of the second "lactate" pipette. The second hypothesis (order of recordings) was addressed by first collecting lactate measurements (n ϭ 6 fibers). The first patch was performed with 10 mM lactate in the pipette, whereas the control solution was used for the second patch (Fig. 8) . The midpoint of the activation curve was shifted toward the positive potentials by 10.0 Ϯ 3.1 mV in the Control compared with Lactate condition (P ϭ 0.016, Student's paired t-test) as shown in Fig. 8A . Using a control solution in the second pipette, we observed a significant rightward shift in the midpoint of fast inactivation voltage dependence compared with the first pipette containing 10 mM lactate (10.1 Ϯ 3.2 mV; P ϭ 0.025, Student's paired t-test; Fig.  8B ). Thus the effects of lactate are reversed by the second pipette containing a control solution, even though the leftward shifts of the activation and fast inactivation curves are slightly inferior to the data reported in Figs. 3B and 4C.
Effects of Lactate in External Bath (Petri Dish)
Regarding the possibility that lactate could act on Na v in an intracellular manner when added to the external medium (petri dish ϩ pipette), an additional series of measurements was performed (Fig. 9) . After a first series of recordings in the Control condition (Fig. 9A) , lactate was added to the petri dish from a stock solution (50 mM) to reach a final concentration of 10 mM (Fig. 9B) . Consequently, the same "seal" using the same pipette as in the Control condition was used during a second series of measurements (Lactate bath condition). As shown in Fig. 9C , the addition of lactate had no effect on the I-V relationship (n ϭ 9 fibers). It should be noted that the reversal potential was similar in Lactate bath and Control conditions. Figure 9D displays the effects of the addition of lactate to the petri dish on the fast inactivation voltage dependence (n ϭ 9 fibers). There were no differences in V h½ between Control and Lactate bath conditions (Ϫ52.5 Ϯ 5.0 vs. Ϫ53.9 Ϯ 4.7. mV, respectively; P ϭ 0.69, Student's paired t-test). As illustrated in Fig. 9E , the slow inactivation development was unaffected by the addition of lactate to the petri dish (n ϭ 6 Fig. 5 . Effects of lactate in the external medium on the muscle Nav slow inactivation process. A: conditioning prepulses ranging between Ϫ140 and 0 mV were applied over 2,000 ms. Conditioning and test pulses were separated by a 50-ms repolarization to Ϫ100 mV to allow recovery from fast inactivation. B: representative currents measured during the 20-ms pulse test. C: peak values of inward sodium currents were normalized to the maximal value and plotted against the prepulse potential. Curves are single Boltzmann distribution fits to the data. fibers). As a result, the residual current I Na min /I Na max was similar in Control and Lactate bath conditions (0.51 Ϯ 0.13 vs. 0.54 Ϯ 0.12; P ϭ 0.78, Student's paired t-test).
Effects of Lactate on Resting Potential
The hyperpolarized shift of the voltage dependence of Na v activation and fast inactivation might be due to an effect of lactate on the resting potential. Although it has previously been shown that lactate has no effect on membrane potential (24, 58), we tested this hypothesis in our experimental condition, namely, in the presence of cesium. Macropatch-clamp record- Fig. 6 . Consequences of prepulse and interpulse durations on the effects of lactate on slow inactivation development. Fibers were held at prepulse potentials over the range of Ϫ140 to ϩ 10 mV in 10-mV steps. Conditioning and test pulses were separated by a Ϫ100-mV interpulse. The duration of the prepulse and the interpulse were modulated. The different protocols were applied in random order and at 5-min intervals. This procedure was applied in Control and Lactate conditions. The peak current elicited by the test pulse to Ϫ10 mV was plotted against the prepulse voltages. The data were fitted to a standard Boltzmann function. Values are means Ϯ SE. A: effects of increasing the prepulse duration (n ϭ 6 fibers). According to the pulse protocols shown (inset), the 1st pulse duration was 2,000 ms or 3,000 ms. B: effects of decreasing the interpulse duration (n ϭ 5 fibers). After the conditioning pulse, fibers were held at a recovery pulse of 30 or 50 ms as described at bottom. Significantly different from a control prepulse 2,000 ms (P Ͻ 0.03), b control prepulse 3,000 ms (P ϭ 0.024), c control interpulse 50 ms (P ϭ 0.018), d control interpulse 30 ms (P ϭ 0.033). ings of sodium currents require the presence of CsCl in the external medium (15, 36, 40, 41) . Thus the effect of lactate on resting potential where the external medium contains CsCl was evaluated (n ϭ 6 fibers). The addition of CsCl nullifies the resting potential compared with the Control condition (Ϫ65.2 Ϯ 1.4 vs. Ϫ1.8 Ϯ 0.9 mV; P Ͻ 0.001, Student's paired t-test). The addition of lactate has no supplementary effect on resting potential (Ϫ3.7 Ϯ 0.9 mV) compared with the CsCl condition (P ϭ 0.19, Student's paired t-test).
Effects of Calcium Concentration on Lactate Effect
In myocardium, it has been shown that chelation of Ca 2ϩ by lactate can modify the voltage dependence of Na v (54) . This effect of lactate anion on cardiac Na v has been ascribed to a modulation in the concentration of ionized divalent cation by chelation and a resultant change in the negative surface charge of the cardiomyocyte sarcolemma. To further evaluate this possibility in the present study, we used a lactate solution supplemented in Ca 2ϩ according to Tanaka et al. (54) . A "control" pipette and two different pipettes filled with "standard" lactate solution (CaCl 2 ϭ 2 mM) or Ca 2ϩ -supplemented lactate (CaCl 2 ϭ 2.2 mM) were randomly applied to the same membrane area (n ϭ 6 fibers). The two lactate solutions induced a leftward shift in the voltage dependence of activation in a similar manner. V a½ was Ϫ13.3 Ϯ 3.2 mV in the Control condition, while the same value in the "standard" Lactate and Lactate Ca 2ϩ -supplemented conditions were similar (Ϫ24.8 Ϯ 2.5 mV and Ϫ25.5 Ϯ 2.0 mV, respectively; P ϭ 0.77, Student's paired t-test). The voltage dependence of fast inactivation was shifted toward the negative potentials in the presence of lactate, whatever the calcium concentration in the pipette. In the "standard" Lactate and Lactate Ca 2ϩ -supplemented conditions, V h½ were similar (Ϫ67.9 Ϯ 3.8 mV and Ϫ66.1 Ϯ 3.8 mV, respectively; P ϭ 0.74, Student's paired t-test). Thus the modulation of the CaCl 2 concentration in the pipette has no effect on the extent of the lactate-induced shift of activation and fast inactivation voltage dependence.
Effects of Lactate 1 mM vs. Control Condition
In the experiments previously described, the effects of a lactate concentration of 10 mM were compared with the control solution. Given that lactate is present in resting muscle (16) , one might argue that the control solution we used is different from the "interstitial medium" of resting muscle. Thus, in an attempt to emphasize the physiological relevance of the results reported above, we compared the effects of a 1 mM lactate concentration to the control solution (n ϭ 5 fibers). Figure 10 , A and B, present the voltage dependence of the normalized conductance and the steady-state fast inactivation before (control) and during exposure to 1 mM lactate solution (pipette). In the latter two conditions, neither activation nor fast inactivation was significantly different. As illustrated in Fig.  10C , there was no significant difference in the development of slow inactivation between Control and 1 mM Lactate conditions. I Na min /I Na max was 0.45 Ϯ 0.07 and 0.50 Ϯ 0.08 in Control and 1 mM Lactate conditions, respectively (P ϭ 0.30, Student's paired t-test).
DISCUSSION
For decades lactic acid was thought to be a waste product of muscle metabolism. This study provides evidence that lactate ion is also a modulator of fast sodium current characteristics. In this study, PL fibers were exposed to 10 mM lactate. This concentration is in the range of values previously measured in intra-or extracellular spaces during muscle contraction (16, 19, 29) . Given that PL contains a high percentage of fast "glycolytic" fibers (40) , it should be assumed that the lactate concentration we used is physiologically relevant (29) .
The addition of lactate to the external medium induces a leftward shift in the relationship between the kinetic parameters and the imposed potentials, resulting in an earlier recruitment of muscle Na v . In addition, lactate decreases m significantly at voltages more negative than Ϫ10 mV, corresponding to an acceleration of Na v activation. These data are consistent with an enhancement in muscle excitability via a more rapid recruitment of Na v for the elicitation of an action potential (44, 45, 54) . The increase of h at voltages more negative than Ϫ40 mV corresponds to a decrease in Na v closing speed, leading to an increase in the inward Na ϩ flux. The voltage dependence of the Na v conductance was shifted toward the hyperpolarized potentials by lactate. Despite differences in the main Na v isoform expression in myocardium and skeletal muscle (Na v 1.5 and 1.4, respectively), this result is in agreement with prior reports in cardiomyocytes. It has been shown that lactate induces an enhancement in the maximal sodium current and a leftward shift of activation curves (24, 54) . The muscle membrane can be less depolarized in the presence of lactate to achieve the same degree of Na v activation as in the Control condition. Therefore, the hyperpolarized shift of the activation curve that we observed during lactate exposure indicates more rapid depolarization, allowing an earlier recruitment of the muscle fiber (40, 54) . Once Na v are activated, they display fast and slow inactivation processes that operate on different timescales (milliseconds and seconds, respectively). Fast inactivation contributes to the termination of the action potential (27, 49) , whereas slow inactivation of Na v occurs after prolonged depolarization and is involved in the refractory period (43, 57) . Another difference is that slow inactivation develops at more negative potentials than fast inactivation (47) . Appropriate double-pulse protocols (15) were used to elicit these two inactivation behaviors in the absence and presence of lactate in the external medium. The voltage dependence of Na v fast inactivation was shifted by lactate toward the hyperpolarized potentials. This implies a more rapid membrane repolarization that is crucial for the elicitation of a novel action potential (27, 28) . The Na v slow inactivation process aims at regulating muscle membrane excitability through a modulation in the number of available channels (47) (48) (49) 52) . We therefore sought to characterize the effects of lactate on this Na v gating property given that membrane excitability failure is involved in muscle fatigue (10, 19) . The extent of slow inactivation was reduced by lactate, as shown by the greater residual current after long conditioning prepulses. This corresponds to an enhancement in the amount of available Na v , thereby promoting greater excitability of the muscle fiber membrane (43, 49) . The slow inactivation index is not modified by the prepulse duration. The increase in the fraction of available Na v channels by lactate is about 45% and 49% in the 2,000-and 3,000-ms prepulse duration conditions, respectively. These data expands the results described in Fig. 5C , given that the presence of 10 mM lactate in the pipette leads to a significant increase in I Na min/I Na max , irrespective of the conditioning pulse duration. Alternatively, a shorter interpulse duration decreases the slow inactivation index. It has been shown that recovery from fast inactivation is Ͻ5 ms in skeletal muscle Na v (55) . Recovery from fast inactivation is therefore achieved after an interpulse duration of 30 ms. The smaller effect of lactate on I Na min /I Na max after a shorter interpulse should be related to a reduction in the time for Na v to recover from slow inactivation. Altogether, these data suggest that lactate decelerates the occurrence of slow inactivation by reducing its speed of development. Consequently, lactate preserves the muscle membrane capacity for repetitive action potential firing by shifting the voltage dependence of Na v fast inactivation toward the negative potentials and by reducing the occurrence of slow inactivation.
The effects of lactate on the electrophysiological characteristics of Na v are consistent with an increase in muscle excitability. Lactate shifts the voltage dependence of Na v activation and fast inactivation toward the hyperpolarized potentials. Lactate enhances Na v excitability by increasing its opening speed and decreasing the slow inactivation process. These data are consistent with the restoration of M-wave area on muscle membrane of stimulated skinned fiber when exposed to lactic acid or lactate (13, 31, 37) . Additionally, alteration in the transsarcolemmal Na ϩ gradient and the following reduction in the Na ϩ flux are implicated in the decline of force production in fatigued muscles (10) . The number of channels that are excitable is increased by lactate through the reduction of Na v slow inactivation, which may counteract such a reduction in the inward Na ϩ flux. This leads to preservation of force production by reducing muscle fatigability related to membrane excitability failure (10, 19, 52) . Our results complement, and point in the same direction as, the previous work of Pedersen and coworkers, showing the protective effect of H ϩ on muscle excitability (38) . Lactate ion, apart from H ϩ , modulates the properties of muscle Na v .
In the presence of CsCl, lactate failed to alter the resting potential. Thus the leftward shift of the voltage dependence of activation and fast inactivation must be ascribed to another mechanism. It has been proposed that lactate chelates ionized divalent cation, and especially calcium, leading to alteration of membrane charges and sodium channel properties (54) . Despite the addition of Ca 2ϩ in the pipette containing lactate, the shift in the voltage dependence of activation and fast inactivation was comparable. It should be underlined that Guo et al. (24) have shown that lactate-induced reduction of ionized Ca 2ϩ occurs essentially at lactate concentrations above 10 mM. Given that Tanaka et al. (54) used a lactate concentration of 20 mM, this could explain the discrepancy with the present study. It was shown previously that lactate has no effect on intracellular Na ϩ content (13) . In the experiments reported above, Na ϩ concentration was identical in the different control and lactate solutions. Additionally, reversal potential was unaffected by lactate in the present study, indicating a stable extra-/intracellular gradient for Na ϩ between Lactate and Control conditions. Thus it seems unlikely that lactate modulated Na ϩ concentration in the intra-and extracellular compartments in the present study. In the experiments reported above, lactate was added to both the petri dish and the pipette, leading to altered sodium current properties. Given that lactate translocation through muscle fiber membrane may occur (29) , lactate might act on sodium currents in an intracellular manner. To test this hypothesis, lactate was only added to the petri dish in a second series of experiments. By this method, the I-V relationship and the voltage dependence of fast and slow inactivation were unaffected by lactate addition. Thus modifications to sodium current properties are observed when the pipette contains lactate. We therefore infer that muscle Na v displays lactate-sensitive gating mechanisms in an extracellular manner. This is in agreement with previous data in cardiomyocytes, despite differences in methodological approach (54) . It has long been recognized that different toxins bind to Na v , thereby modulating the gating properties of the channel (12, 14) . Interestingly, it has been shown that some toxins act specifically on extracellular receptor sites (12) , providing data that are consistent with our results.
Inability of muscle to produce lactate during contraction is the hallmark of myoglycogenolysis disorders. The pathophysiology of the most common defect of muscle glycolysis, myophosphorylase deficiency (McArdle disease), has mainly been ascribed to impairment in the rate of energy supply. However, the involvement of membrane excitability failure in the onset of muscle fatigue is suggested by previous studies. First, it should be underlined that Bryan McArdle described "electrically silent contracture" in his pioneering case report (34) . Further electromyographic studies have reported that in McArdle patients muscle fatigue is accompanied by a decline in compound muscle action potential (6, 17, 35) . A modulation of the Na ϩ -K ϩ -ATPase has been suggested as an explanation, given that McArdle patients exhibit reduced Na ϩ -K ϩ pump levels (25, 32) . An alternative hypothesis is that the lack of lactate is directly implicated in the premature muscle fatigue in Fig. 10 . Effects of a 1 mM lactate concentration on voltage dependence of Nav fast gating. Two consecutive patches were performed on the same fiber membrane area. The 1st pipette contained the control solution, whereas lactate (1 mM) was present in the 2nd pipette. A: G-V relationship between the imposed potentials and the normalized conductance. B: steady-state fast inactivation curves of Na ϩ currents. C: slow inactivation process was elicited according to the protocol described in Fig. 5A . Curves are single Boltzmann distribution fits to the data. Values are means Ϯ SE.
McArdle disease, as well as in other glycolysis defects. Given that the two products yielded by glycolysis, namely, H ϩ and lactate, increase excitability in normal muscle, it is tempting to speculate that the lack of lactic acid may lead to decreased muscle excitability in glycolysis defects. Our data and those from Pedersen and coworkers provide evidence to support this attractive concept. Additionally, it should be highlighted that, in normal muscle, a close functional relationship between low muscle glycogen content, membrane inexcitability, and thus fatigue has been previously suggested (5, 19) . To date, the "mechanistic link" remains unknown (1) . Lactate meets the criteria for this cornerstone function, regarding the findings discussed above and given that depleted muscle glycogen content lessens lactate production (2, 26, 56) . Furthermore, this study suggests new insights concerning the physiological role of MCT in muscle. Through lactate-H ϩ cotransport, it has been proposed that the "lactate shuttle" regulates muscle pH (30) and that lactate is involved in cell-cell signaling (21) , acting as a hormone (9) . H ϩ modulates chloride conductance in an intracellular manner, whereas lactate modulates muscle Na v via an extracellular pathway. Thus MCT may play a pivotal role in the modulation of muscle excitability, through the regulation of H ϩ and lactate concentrations on either side of the muscle fiber membrane.
In summary, this study provides two novel findings. 1) Lactate ion modulates the electrophysiological properties of muscle Na v . These modifications to Na v characteristics are consistent with an increase in muscle excitability. 2) Lactate acts on skeletal muscle Na v in an extracellular manner.
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